High-density In 0.2 Ga 0.8 As/Al 0.2 Ga 0.8 As quantum wire (QWR) gain-coupled distributed feedback (DFB) laser structures and an In 0.2 Ga 0.8 As/Al 0.38 Ga 0.62 As QWR structure were successfully grown on submicron gratings by a constant metalorganic chemical vapor deposition (MOCVD) growth technique in which submicron gratings were preserved even after an epitaxial growth of 1 µm thickness. Owing to the stronger quantum confinement effect of the AlGaAs barrier layer, strong photoluminescence from the QWR was observed even at room temperature. The Stokes shift of the QWR in the DFB laser structure was about 6 meV which indicates the high optical quality of the InGaAs/AlGaAs QWRs. The photoluminescence excitation spectra of the strained QWR did not show marked polarization anisotropy in contrast to those of the lattice-matched GaAs QWR due to the strain effects. It is expected that the high-density QWR structure fabricated using the constant MOCVD growth technique will be widely used in future photonic devices such as laser diodes and optical modulators.
Introduction
Quantum wires (QWRs) and quantum dots (QDs) are promising for use in novel photonic devices such as laser diodes and nonlinear optical switches. Recent progress in selective metalorganic chemical vapor deposition (MOCVD) has made it possible to fabricate high-quality QWRs on a V-groove substrate beyond lithographic resolution. We have previously demonstrated the self-terminating effect in V groove GaAs QWR structures made by means of flow rate modulation epitaxy 1) and for the first time realized the ground state lasing operation of a V-groove QWR laser.
2) However, the active region volume of the QWRs tends to be small compared with that of quantum wells (QWs), and their confinement factor, which is the coupling strength between the active region and light in optical devices, tends to be one order of magnitude smaller compared with QWs. In order to overcome this problem, high-density QWR array structures are desired. Recently we have developed a constant MOCVD growth technique in which submicron gratings were preserved even after the growth of a 1 µm-thick AlGaAs cladding region. 3) Complex photonic devices such as gain-coupled distributed feedback (DFB) lasers have been fabricated by means of a one-step growth technique without interface defects due to the elimination of ex-situ etching and regrowth of buried heterostructures. 4) Strained InGaAs/AlGaAs hetero-structures are very important for practical applications since the emission wavelength range extends toward the optical telecommunication win-dows. 5) These structures also favor high temperature excitons because of the strong confinement due to the large band offset between InGaAs and AlGaAs. High-density InGaAs/AlGaAs QWR structures are superior to GaAs/AlGaAs QWRs since the strong photoluminescence (PL) from QWRs is well separated from the parasitic QWs even at room temperature. 6) In the present study, we fabricate high-density InGaAs/ AlGaAs QWR structures by means of the constant MOCVD growth technique, and optical properties are investigated using PL spectroscopy and PLE spectroscopy. The possibility of fabricating other photonic devices such as an ultrafast optical modulator is also discussed.
Experimental Procedure
We fabricated two types of InGaAs QWR structures using the constant MOCVD growth technique. One was an In 0.2 Ga 0.8 As/Al 0.2 Ga 0.8 As QWR gain-coupled DFB laser structure composed of Al 0.38 Ga 0.62 As, Al 0.2 Ga 0.8 As, and In 0.2 Ga 0.8 As QWRs on GaAs substrate with a grating. The other was an In 0.2 Ga 0.8 As/Al 0.38 Ga 0.62 As structure for which the aluminum composition of the barrier layer is greater than that of the first sample. In this case, a stronger quantum confinement effect is expected due to the large band offset. The growth conditions were the same for both samples. The submicron gratings were fabricated with a period of 430 nm along the [011] direction and with a grating depth of 200 nm on (100) n + -GaAs substrates by means of an interference exposure technique and a wet chemical etching method. Epitaxial growth was carried out in a horizontal quartz reactor utilizing a face-down configuration by means of a low-pressure MOCVD technique at 76 Torr. The V/III ratio was 200. Triethylgallium, trimethylaluminum, trimethylindium, and AsH 3 were used as source reagents. The indium content was measured by energy dispersive spectroscopy.
The cross sections of the samples were observed via high-resolution scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The PL spectra were measured over the temperature range of 10-300 K using the λ = 514.5 nm line of a cw-Ar + laser as an excitation light. The Ar + laser was focused on the sample surface to a spot diameter of about 100 µm. The intensity of the laser beam was changed from 0.2 W/cm 2 to 200 W/cm 2 . The PLE spectra of the samples were measured with excitation light polarized parallel and perpendicular to the wire axis at 10 K using a cw-tunable Ti: sapphire laser at excitation wavelengths from 800 nm to 880 nm. The PL spectrum was also measured as a reference using a cw-Ti: sapphire laser at an excitation wavelength of 720 nm. formed on the 0.9-µm-thick Al 0.38 Ga 0.62 As cladding region without a regrowth process. An enlarged cross-sectional TEM image is also shown in Fig. 1(b) . Because the larger diffusion coefficient produces a rapid indium migration rate, 7) the thickness of the parasitic QWs is very thin compared with that of the QWRs. The central thickness of the QWRs is approximately 8 nm.
Results

In
The temperature dependence of the PL spectra is shown in Fig. 2 . At 10 K, PL peaks are clearly observed at 1.43 and 1.60 eV, which are attributed to InGaAs QWRs and parasitic InGaAs QWs, respectively. The PL peak at 1.51 eV indicates the emission from the GaAs substrate. The strong PL from the QWRs is clearly observed even at room temperature, while the PL from parasitic QWs disappears at higher temperatures. The second peak at the higher energy side begins to appear at high temperatures, which is due to the transition between higher order sublevels. It is noteworthy that strong and wellseparated luminescence is obtained, without removal of the parasitic QW region. 8) Figure 3 shows the PL and PLE spectra for an excitation light polarized parallel (solid line) and perpendicular (dashed line) to the wire axis at 10 K. The PL peak energy is located at 1.43 eV. PLE spectra for the two polarizations exhibit similar profiles except for a slight intensity difference. In the case of lattice-matched unstrained GaAs QWRs, 9) PLE spectra exhibit a large polarization anisotropy due to the difference in polarization selection rules between heavy holes and light holes. However, in case of the strained QWRs, such anisotropy is not observed, since the energy level of light holes moves far away from that of heavy holes due to the strain effects, 10, 11) The PL is attributed to excitons localized in the potential minima along the QWRs due to size and composition fluctuation at low temperatures, while the PLE corresponds to the profile of the density of states. The Stokes shift is about 6 meV, which is the energy separation between PL and PLE peaks. This relatively small Stokes shift indicates that high-quality QWRs can be fabricated by means of the constant MOCVD growth technique.
In 0.2 Ga 0.8 As/Al 0.38 Ga 0.62 As QWR structure
Excitonic binding energy increases with the enhancement of the quantum confinement effect. A larger quantum confinement effect is expected in the sample whose barrier layer is Al 0.38 Ga 0.62 As. We observe a clear tendency for strong PL intensity to be preserved at higher temperatures as the conduction band offset increases. Figure 4 shows the PL and PLE spectra for excitation light polarized parallel (solid line) and perpendicular (dashed line) to the wire axis at 10 K. The PL peak is located at 1.42 eV. The PLE spectra does not exhibit clear polarization anisotropy as in the case of the In 0.2 Ga 0.8 As/Al 0.2 Ga 0.8 As QWR, as shown in Fig. 3 . The energy separation between the PL peak and PLE peaks is as large as 47 meV. The origin of this large separation is discussed in the following section. Figure 5 shows the excitation intensity dependence of the PL spectra at 10 K. PL peaks located at 1.43 and 1.60 eV are attributed to InGaAs QWRs and parasitic InGaAs QWs, respectively. The PL peak profile of QWR always shows dou- ble peaks even at weak excitation. These double peaks are located at 1.419 eV and 1.437 eV. The energy difference of 18 meV corresponds to the first and second sublevel energy separation of the QWR. The emergence of the second peak even at a low excitation level indicates that the first sublevel is pre-occupied by electrons without optical excitation.
Discussion
The large separation between the emission and absorption edge seen in Fig. 4 is similar to the results of an investigation of an n-Schottky-diode-type GaAs QWR reported by Weman et al. 12) In their study, the PLE peak was shifted by 35 meV to the high energy side from the PL peak when the electron was injected into the structure. This shift is not a Stokes shift due to the size and composition fluctuation, but corresponds to absorption quenching due to the occupation of the first conduction sublevel, the so-called BursteinMoss shift.
12) The electrons are supplied from the donor level in the barrier layer to the QWR region, and then populate the first conduction sublevel of the QWR. The electrons populate not only the first conduction sublevel but also the second conduction sublevel by means of optical excitation. Therefore, the PL shows double peaks due to the transition from both the first and the second conduction sublevels. The PLE spectra show the Burstein-Moss shift because the absorption from the first valence sublevel to the first conduction sublevel is quenched. Our sample was undoped, thus the doping effect does not seem to be the cause. However, doping impurities may have been deposited unintentionally during the crystal growth. There is no difference among the growth conditions between for our samples, the In 0.2 Ga 0.8 As/Al 0.2 Ga 0.8 As QWR DFB laser structure and the In 0.2 Ga 0.8 As/Al 0.38 Ga 0.62 As QWR structure, except for the aluminum content of the barrier layer. In the case of the larger aluminum content, the band offset between the QWR and the barrier is increased, and the Fermi energy is also changed. This means that the energy difference between the impurity level in the barrier and the first sublevel of the QWR may be changed. Furthermore, the larger aluminum content may lead to higher impurity in the barrier. Currently, the origin of this energy separation between the emission and the absorption is under investigation. This absorption quenching can be utilized in an ultrafast optical modulator. Absorption will become possible after exciting the electron by femtosecond infrared pulse irradiation from the first conduction sublevel to a higher conduction sublevel. The intra-sublevel relaxation time is in the order of 1 ps or less. Therefore, the absorption will be prevented again after the relaxation. This characteristic allows the realization of an ultrafast optical modulator with a subpicosecond response time. 13) In Fig. 5 , the broadening and blue shift of the PL peaks was observed as the excitation intensity increased. This blue shift indicates the increase of the band gap due to the screening of the strain-induced piezoelectric field. 11, 14) On the other hand, the peak location of the parasitic QW did not change under our experimental conditions because the saturation intensity of the QW is higher than that of the QWR. In a onedimensional system such as a QWR, the onset band filling effect is expected to occur earlier than in a two-dimensional (2D) system because of the sharp density of state. This means that highly efficient optical nonlinearity is expected in a QWR. By utilizing our constant MOCVD growth technique, we can fabricate high-density QWR structures not only in the lateral direction but also stacked in the vertical direction. Such a 2D high-density structure can be utilized in a nonlinear optical modulator with a high modulation ratio and low drive power.
Conclusions
In conclusion, high-density In 0.2 Ga 0.8 As/Al 0.2 Ga 0.8 As QWR gain-coupled DFB laser structures and a In 0.2 Ga 0.8 As/ Al 0.38 Ga 0.62 As QWR structure were successfully grown on submicron AlGaAs gratings with a period of 430 nm, which are preserved to a distance of 1 µm from the corrugated GaAs substrate. The constant MOCVD growth technique realized complex optical device structures such as a gain-coupled DFB laser without growth interruption, which causes the oxidation of the AlGaAs layer. Owing to the stronger quantum confinement effect of the AlGaAs barrier layer, strong and well-separated PL from a QWR was observed even at room temperature. The Stokes shift of the QWR in the DFB laser structure was about 6 meV. This relatively small Stokes shift indicated that high-optical-quality QWRs could be fabricated by the constant MOCVD growth technique. The broadening and blue shift of the PL peaks was observed as the excitation intensity increased. In contrast, the peak location of the parasitic QW did not change under our experimental conditions because the saturation intensity of a QW is higher than that of a QWR. These results mean that highly efficient optical nonlinearity is expected in the QWR. In the PLE spectra of an In 0.2 Ga 0.8 As/Al 0.38 Ga 0.62 As QWR structure, large energy separation between PL and PLE peaks was observed, which was very similar to the Burstein-Moss shift in a doped structure. This finding indicates the possibility of realization of an ultrafast optical modulator. It is expected that the high-density QWR structure fabricated by means of the constant MOCVD growth technique can be widely applied in future photonic devices such as laser diodes and optical modulators.
